Asolectin lipid vesicles containing halorhodopsin show light-induced acidification in the presence of proton ionophores. This effect is abolished by triphenyltin chloride, a chloride/hydroxyl antiporter, and is greatly diminished by valinomycin in the presence of potassium ions, which collapse the membrane potential. This indicates that halorhodopsin orients in the lipid vesicles preferentially inside out, pumping chloride into the extravesicular compartment. The absorption maximum of halorhodopsin in asolectin vesicles in 3 M NaCl is at 567 nm, and the action spectrum for the lightinduced pH changes followed closely the absorption spectrum. Replacement of chloride by acetate or sulfate causes a shift in the absorption maximum to =559 nm and renders the pump inactive. The different photocycles of the two forms were used to show that 80% of the molecules have the extracellular side exposed to the vesicle interior and that the halide-binding site(s) associated with the spectral transition is accessible from the extracellular side of the molecule. The data presented demonstrate that the purified chromoprotein is the light-driven chloride pump in Halobacterium halobium.
genic ion translocation and it may be the receptor in phototaxis (3) . The visible absorption maxima of bR, hR, and sR are at 568 nm, 578 nm, and 587 nm, respectively (4) . Both bR and hR undergo cyclic photoreactions with half-times of a few milliseconds (5, 6) . The sR photocycle has a half-time of 1 sec (ref. 3 ; for a recent review, see ref. 7) . The photochemical properties of hR are chloride dependent. At physiological chloride concentrations (-3 M), the photocycle half-time is -10 msec and intermediates are observed as maxima in the difference spectrum at 500 nm (P500) and 680 nm (P680) (8) .
In the light and in the presence of chloride or bromide, hR generates a negative transmembrane electrical potential and protons are driven into the cell. These proton fluxes are greatly enhanced in the presence of proton ionophores and have been used to monitor the chloride transport by hR in intact cells (6, 9) and in cell envelope vesicles (10, 11) .
In chloride-free medium, the hR absorption maximum shifts to 565 nm (12, 13) , and in the photocycle only a redshifted intermediate (P640) has been observed. It shows a maximum of 640 nm in the difference spectrum and decays into the 565 nm ground state with a half-time of -2 msec (14) . No light-driven ion transport has been observed under these conditions (2) .
From the membranes of a bacteriorhodopsin-deficient H. halobium strain, we have recently purified a retinyl-polypeptide of -25 kDa, with the spectroscopic and photochemical properties of hR (15) , and similar preparations have been obtained in other laboratories (16, 17) . However, it remains to be shown that this isolated retinyl-protein is the ion pump and that no other membrane components are necessary. We report here the reconstitution of light-induced ionophoreenhanced proton fluxes in asolectin lipid vesicles containing the purified chromoprotein.
MATERIALS AND METHODS
hR was solubilized in P-octylglucoside from the membranes of H. halobium strain JW-12 and purified as described (15) . After removal of detergent by dialysis against 3 M NaCl, the pigment was concentrated by centrifugation at 300,000 x g for 12 hr and resuspended in 0.4 ml of 30 mM ,8-octylglucoside in unbuffered 3 M NaCl at neutral pH to yield an absorbance at 575 nm of 1.4 (1-cm path length). This and subsequent operations were carried out at 220C. Asolectin (16 mg) was dispersed in a bath solicator in 0.4 ml of the same detergent solution until a homogeneous white turbid suspension was obtained (30-60 min). The pigment and lipid suspensions were mixed and incubated in the dark for 30 min. The sample was then dialyzed for 36 hr against 500 ml of 3 M NaCl, changing the solution every 12 hr. The turbid purple suspension was withdrawn from the dialysis bag after discarding some excess lipid floating at the surface. The sample was used as such or after filtration through a Nuclepore membrane (Nuclepore; pore size, 0.2 ,um), which removes further excess lipid aggregates. Negative staining electron microscopy (1% uranyl acetate) shows that the preparation consists of a heterogeneous mixture of uni-and multilamellar vesicles with diameters between 400 and 2000 A. Vesicles in 3 M Na acetate (pH 6.5) or in 1.5 M Na sulfate were obtained by the same technique.
Samples stored in the dark at 4°C irreversibly lost 10%-15% pigment absorbance per week. Therefore, absorption spectra of the samples were measured before and after each experiment. The color loss never exceeded 5%.
Absorption spectra of the vesicle suspensions were recorded with an integrating sphere spectrophotometer (18) . Flash-induced absorption changes were measured as described by Lozier (19) , using vertically polarized laser excitation colinear with a measuring beam polarized at the magic angle.
Light-induced pH changes and action spectra were measured essentially as described (20) . The measuring chamber was a magnetically stirred conical glass vial partially submerged in a transparent thermostatted bath. Typical sample volume was 0.3 ml. Actinic illumination was obtained from a 50 W tungsten filament Zeiss microscope illuminator provided with appropriate infrared and visible optical filters. Light intensities were measured with a Kettering 65 radiometer.
Abbreviations: bR, bacteriorhodopsin; hR, halorhodopsin; sR, slow rhodopsin; TPT, triphenyltin chloride; CCCP, carbonylcyanide mchlorophenylhydrazone. tPresent address: Darwin College, Cambridge CB3 9EU, England.
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RESULTS AND DISCUSSION
Purified hR has an absorption maximum -575 nm in 30 mM ,8-octylglucoside in 3 M NaCl, which shifts to 578 nm upon removal of the detergent and to 564 nm in chloride-free medium (15) . In the asolectin lipid vesicles, the absorbance maximum is at 567 nm in 3 M NaCl at neutral pH and at 559 nm in 3 M Na acetate (Fig. 1) . bR exhibits a similar blue shift in asolectin vesicles (21, 22) .
In four of the five vesicle preparations used in this work, illumination caused no measurable pH changes (Fig. 2, added to CCCP-containing suspensions (Fig. 2, trace c) . Full inhibition required only 5-10 nM TPT. In the absence of CCCP, a substantial chloride concentration gradient is generated by light, because addition of 10 nM TPT after the light was turned offcaused alkalization ofthe medium. When TPT was added 1 min after illumination, alkalization was 5 OHper hR. Unfortunately, neither the vesicle concentration nor the intravesicular volume are known well enough in our system to reliably estimate the Cl-gradient. However, assuming that the exchange stoichiometry is 1 (23), the minimum value must be 5 Cl-per hR.
The action spectrum for the light-driven acidification follows closely the absorption spectrum of hR in asolectin vesicles but drops below it at the shortest wavelength (Fig.  3) . This drop in the blue has also been observed in the action Biophysics: Bogomolni et al. Fig. 1, curve a (3 M NaCl) . Laser excitation at 510 nm (7 nsec) was applied at the arrow. The path length for both measuring and laser beam was 3 mm. Temperature, 220C; pH, 6.6. Amplitude of the absorbance change -1 msec after excitation in 3 M NaCl (E) and in 3 M Na acetate (V) for the samples of Fig. 1 , curves a and b, respectively. spectrum for the hR photocycle in native membranes (6) ; it suggests a lower photochemical quantum yield at the blue edge of the main absorption band.
The slight blue shift caused by the unphysiological lipid environment does not affect the photochemical properties of hR in Cl-containing or Cl-free medium. Fig. 4 shows the flash-induced absorption changes at 1 msec after the laser flash for the samples of Fig. 1 .
In 3 M NaCl, the photocycle half-time is -14 msec, and except for a blue shift of -10 nm the difference spectrum is indistinguishable from that obtained in the native membrane (4) or in the purified pigment in 3 M NaCl (15) . In Cl-free medium, the photocycle has a half-time of -2 msec, and we time-resolved only a red-shifted form characterized by an absorption increase at 640 nm as observed previously in membrane-bound hR (14) . The P500 intermediate is not observed (Fig. 5a) . The difference spectrum in 3 M Na acetate 1 msec after the light flash is shown in Fig. 4 .
To test the activity of the vesicles in Cl-free medium and to test the degree of orientation, we prepared vesicles in 1.5 M Na sulfate, because the high buffering capacity of Na acetate precluded any measurement of pH changes. The absorption spectrum of hR in vesicles suspended in unbuffered 1.5 M Na sulfate showed a maximum at -558 nm, and FIG. 5. Light-induced absorbance changes of a vesicle suspension in 1.5 M Na sulfate (pH 6.8) at 22°C. (a) In the absence of chloride; (b) 15 min after addition of 1.25 M NaCl; (c) 6 hr after addition of 1.25 M NaCl. Other conditions are as described in Fig. 4.   FIG. 6 . Scheme of the reconstituted hR system. hR is preferentially oriented with its intracellular side toward the extravesicular compartment. Light-driven chloride extrusion generates a membrane potential positive inside. In the presence of the proton ionophore CCCP, the electrical gradient drives a proton efflux.
the flash-induced absorbance changes did not differ significantly from those in 3 M Na acetate. One aliquot of the 1.5 M Na sulfate suspension was diluted 1:1 with 1.5 M Na sulfate, and the other was diluted with 2.5 M NaCl. The vesicles in 1.5 M Na sulfate showed no electrogenic activity in the absence or in the presence of CCCP. The light-induced absorption changes in the sample at 500 nm and at 640 nm are shown in Fig. 5a . Their sign and amplitude agree with those observed in 3 M Na acetate (Fig. 4) . In the second aliquot, 15 min after NaCl addition, the absorbance change at 500 nm had reversed its sign, and at 640 nm it had decreased slightly in amplitude and showed a longer half-time. At this time, the sample showed no light-driven proton translocation. Six hours after addition of Cl-, both the 567 nm absorbance and its photocycle were fully restored, and the sample showed light-driven acidification in the presence of CCCP. The simplest interpretation for the observations is that on only a fraction of hR molecules were the chloride-binding sites responsible for this spectral transition accessible from the medium and that the conversion of the inverted hR population was limited by the slow diffusion of Cl-through the lipid bilayer. If this interpretation is correct, the data indicate that, on the average, 80% of the hR population in the asolectin vesicles is oriented with the intracellular side out and that the chloride-binding sites associated with the activation of the pump are accessible only from the extracellular side of the chromoprotein. The 20% of hR that is not inverted should have bound Cl-during the first 15 min after addition and would be expected to pump chloride into the vesicles. The lack of measurable electrogenic activity in this sample is not surprising, because translocation of a small amount of Clinto the vesicle could activate an equivalent Cl-extrusion capacity by the dominant inverted hR population. Fig. 6 sketches our interpretation of this reconstituted system. These results show that isolated hR functions as a lightdriven chloride pump and that no other components of the Halobacterium membrane are necessary.
